I. Introduction
HE New York area presents an ongoing challenge for air traffic management because of the close proximity of three of the busiest airports in the country. The traffic counts combined among La Guardia, (LGA), John F. Kennedy International (JFK), and Newark International (EWR) totaled nearly 2,000 departures on one of the busiest days of 2012. Various estimates of delay caused by the New York area airports have been reported across the industry. A 2010 Government Accountability Office (GAO) study reported that nearly 40 percent of delayed flights occurred among the three airports during 2009 1 . Media outlets have also reported that nearly half of all delays can be traced back to the New York airports 2 . The high cardinality of delay events, which is any delay that exceeded fifteen minutes, can be attributed to a combination of crowded airspace, capacity constraints at the airports, and the continued growth of air traffic across the nation. However, these high delay counts do not consider the effects of propagated delay, which may have originated at an airport outside the New York area.
The NAS is a complex and dynamic network governed by interdependent relationships between control centers, airports, aircraft, passengers, airlines, etc. The inter-connectivity between airports facilitates a "ripple" effect such that delays originating at an airport propagate forward to multiple airports during the course of a single operational day. Factors such as hub status of an airport, runway configurations, and time of day contribute to the intensity of delay propagation. It is important that the FAA have a clear understanding of propagation effects in the NAS in order to make informed air traffic management decisions such as developing improved air traffic procedures, building new runways, adding more control personnel, or imposing limits on airline scheduling,. Previous research projects 3456 have attempted to produce viable algorithms and estimations of delay propagation with some success. Recently, Hao et. al. estimated the delay impact of New York airports using FAA's System Wide Analysis Capability (SWAC) simulation model, a queuing model which incorporates parameters such as tailnumbers and en route capacity constraints 7 . Under the scenario that New York possessed infinite capacity, Hao et. al. reported delays across the NAS would decrease by only 14 percent. This is significantly less than the 40 percent reported in the GAO report. The large variations across delay estimates motivates the need for a fundamentally different approach for computing delay propagation across the NAS.
In this paper, an accounting method was applied to historical flight itineraries to decompose total delay into original and propagated components. We are then able to determine from which airports these components of delay originated. Welman et al. 8 introduced a similar accounting approach for calculating a propagation multiplier for each airport for the purpose of determining the cost-benefit of airport improvement projects. However, the multiplier is general and does not capture the unique relationships and propagation effects between airport pairs. The FAA recently expressed a concern that nationwide effects of propagated delay are largely unknown 9 . The goal of this paper is to address these concerns by quantifying the degree to which airports are generating, propagating, and absorbing delay. We propose implementing a graph theoretical model of the propagation effects of delay between airports to extract and analyze previously unidentified characteristics of the NAS. Graph theory has been used extensively for understanding connectivity of complex networks such as the human brain 10 and social networks 11 and has proven instrumental for revealing multivariate structural/functional relationships. In this paper, node strength is used to rate the thirty Core airports within three categories: their propensity to inject original delay, their propagation of delay, and their absorption of delay. The graph analysis provides a different perspective of delay phenomenon across the Core airports than previous studies and addresses the question of how much strain the New York area airports impose upon the network.
II. Background
A description of how delay is computed in this paper is presented, followed by a basic introduction to graph theory definitions.
A. Delay Propagation
There are four key event times recorded in the Aviation System Performance Metrics (ASPM) database for each flight: Gate-Out (the time a flight leaves the departure gate), Wheels Off (the time a flight actually takes off), Wheels On (the time a flight lands at the arrival airport, and Gate-In (the time a flight reaches the arrival gate). Collectively, these times are referred to as OOOI times (Out, Off, On, and In). In this paper, minutes of delay are computed as the difference between actual and scheduled Wheels Off times ‡ . This means that an aircraft's delays are attributed to the departure airport until the Wheels Off time, at which point delays are attributed to the arrival airport. However, this assumes that en route travel times do not deviate from the intended flight plan; i.e., that deviations from the intended flight plan contribute zero minutes of delay. Otherwise any delay generated en route would be assigned to the arrival airport. In the event of early Wheels Offs, a delay of zero minutes is assigned to the departure airport. Furthermore, delay is categorized as either original or propagated. Original delay is delay generated initially at an airport due to intrinsic problems such as mechanical issues, local adverse weather conditions, increased demand, etc. This can also include Expected Departure Clearance Times (EDCTs) it imposes upon other airports. However, in this paper we evaluate effects of original delay and EDCT delay separately. Propagated delay is any delay measured at airports that was caused by late departures from another airport. The inter-connectivity of airports facilitates the accumulation and propagation of delays throughout the system. This will continue until one of two events occurs: 1) operations are completed for the day or 2) airports begin to absorb delays. Rarely do delays propagate into the next operating day 12 .
B. Graph Theory: Weighted and Directed Graph Measures ‡ It should be noted that only Gate Out times are scheduled. ASPM computes a scheduled Wheels Off time by adding a nominal taxi time to the scheduled Gate Out time.
Graph theory is the study of networks, which can include social and biological systems. Conventional measures in the graph theory literature were first designed for undirected binary graphs. This class of graphs, however, does not sufficiently capture the complexity of a system. In this paper, causality and magnitude of node pair relationships are represented by weighted directed graphs which provide a more complete representation of the NAS.
A weighted and directed graph, G, is defined by a set of nodes, ‫ݒ‬ ∈ ܸ, and a set of directed edges, ݁ ∈ ‫,ܧ‬ which connect pairs of nodes 13 . These edges have weights, ‫ݓ‬ ,, that could be positive or negative and can represent a variety of factors such as frequency of interactions, strength of relationships, or any measure relevant to describing the network's node pair relationships. In this paper, the weights represent the total amount of delay propagated between airport pairs. A directed graph, unlike an undirected graph, represents causal unidirectional relationships between node pairs. Measures of directed relationships, ‫ݏ‬ ሺ݅ሻ and ‫ݏ‬ ௨௧ ሺ݅ሻ, are the 'in-strength' and 'out-strength' of node ݅, defined as
In this paper, 'in-strength' and 'out-strength' will be used to describe the propensity of airports to propagate, generate, or attenuate delay.
III. Decomposition of Delay
In this paper, total delay, ‫ܦ‬ ் , across N airports is defined as
where ‫ܦ‬ and ‫ܦ‬ ை are the total propagated and injected original delays, respectively, by airport ݅. Delay caused by EDCTs, ‫ܦ‬ ா் , are also considered. In order to isolate propagated delay from original delay, a variation on the accounting approach originally presented by Welman is implemented on individual aircraft tail numbers. In the proposed method, each tail number is tracked through an operational day and its Wheels Off delays are computed for each segment of its itinerary. Tables 1 and 2 demonstrate the accounting procedure on an aircraft's itinerary. Table 1 is computed by taking the difference between scheduled and actual Wheels Off times. In Table 2 , original and propagated minutes of delay are computed starting with the first airport in the itinerary, Chicago in this example. Since the aircraft starts the day in Chicago we assume there is no delay carried over into ORD. The aircraft proceeds to depart the runway ten minutes late; therefore, ORD injects ten minutes of original delay. The plane then arrives in New York's LaGuardia airport followed by a five minute late departure to PHX. This is less than the original Wheels Off time from ORD; therefore, LGA has absorbed five minutes of the propagated delay from ORD. A total of zero original delay minutes are assigned to the aircraft's Wheels Off phase from LGA and the remaining five minutes delay is characterized as propagated delay due to ORD. Next, the aircraft arrives in Phoenix from which it departs to its next destination fifteen minutes late. Since this is greater than the five minutes departure delay at LGA, ten minutes of original delay are assigned to PHX and five minutes are characterized as propagated delay due to ORD. The aircraft then arrives in DCA and departs to Atlanta ten minutes late. This is less than the prior fifteen minute departure delay from PHX and so zero minutes of delay are attributed to ATL. However, the ten minutes of delay must be proportionally distributed to ORD, LGA, PHX, and DCA. This allocates 3.33 minutes of propagated delay due to ORD and 6.67 minutes due to PHX. Since ORD is the next and final destination on the aircraft's itinerary, all accumulated delay is absorbed by ORD by default.
From this example, ORD, PHX, and ATL each injected ten minutes of original delay. However, ORD contributed a total of 26.6 minutes of delay, which demonstrates how a small delay occurring early in the operational day can have a significantly larger impact on the system than the same small delay occurring later in the day. It should be noted that some itineraries visit the same airport multiple times throughout the day. In such a situation, each re-occurrence of the airport is treated as a new airport event. Therefore, the airport can receive delay caused by a previous self-occurrence and it can pass delay down to a future self-occurrence. It is only after the entire table is generated from an itinerary are the total propagated and original delays computed by summing across all occurrences of a particular airport.
It is important to keep in mind that this accounting method serves as a conservative baseline of delay propagation across the NAS. This is due to unavailability of information regarding the relationship between different tail numbers to aid in computing the spread of propagated delay to multiple tail numbers, e.g. when a carrier holds departures on one or more flights in order to accommodate transferring passengers from a late arriving flight or when a new aircraft is substituted for another in the middle of an itinerary.
IV. Results
Presented here are results reporting the delay events as well as total injected and propagated delay attributed to each of the Core airports for the entire month of July 2012. Delay results pertaining to a select group of airports located within large metropolitan regions of the United States are also presented. Delay measures are aggregated for airports in the New York area (LGA, JFK, and EWR), Chicago area (MDW and ORD), Washington area (IAD, DCA, BWI), and Miami area (MIA and FLL). All delay statistics were computed from the Operations Network (OPSNET) and ASPM databases.
A. Delay Events
Information was collected from OPSNET to first reveal the number of delay events occurring at each of the core airports. Figures 1 and 2 present a distribution of total delay events across the Core airports in July 2012. The information conveyed in the figure is directly retrieved from OPSNET and thus no secondary processing was implemented to obtain these results. Original, Propagated, and EDCT delays Delay decomposition using the described accounting method was performed on July 2012 itineraries acquired through the ASPM database. Figures 3 through 6 report the allocation of original and propagated delay, respectively, across all Core airports. The propagated and original delay results do not incorporate EDCT delays. Delays due to EDCTs are reported separately in Fig. 7 and Fig. 8. Figures 9 and 10 report the combination of propagated, original, and EDCT delays. 
C. Graph Theoretical Analysis
A 31 x 31 connectivity matrix was generated from the accounting process where each element in the matrix represented an origin/destination pair. For example, a '200' in the ATL/DFW entry would indicate there was a total of 200 minutes of delay which propagated from Atlanta to Dallas. An imaginary 31st Core airport was generated to represent all airports (medium hub, small hub, non hub) not in the list of Core airports. This provided completeness when examining the total delay impact across the NAS. The 'in-strength' and 'out-strength' measures were acquired by computing the column and row sums of the connectivity matrix, respectively. The normalized difference between 'out-strength' and 'in-strength' was computed (Fig. 7) for each of the Core airports to reveal which were more likely to propagate, inject, or absorb delay. A positive value indicates the airport injected original delay while a negative value indicated it absorbed delay. Values close to zero indicate the airports primarily propagated forward any delay it received. 
V. Discussion
The July 2012 OPSNET report indicated the New York area airports were responsible for 33 percent of delay events among all Core airports. The high demand and low capacity of the region's airports are among the main factors for such a high cardinality of delay events. However, it should be recognized that an OPSNET delay event occurs whenever a flight is delayed by fifteen minutes or greater. Therefore, a delay of fifteen minutes and a delay of sixty minutes are considered equally severe through this approach. Through the implementation of the accounting method upon individual tail number itineraries, the actual total minutes of original and propagated delay caused by each airport was elucidated. Results indicate the New York area contributes 15 percent of all original delay (Fig. 4 ) and 9 percent (Fig. 6 ) of all propagated delay into the NAS. Also, New York injects 30 percent of all EDCT induced delays (Fig. 8) . In total, our proposed accounting method indicates the New York area is responsible for 16 percent of total delay in the NAS throughout the month of July 2012. This is half of the value reported through OPSNET. It is interesting to note that Atlanta contributes 10 percent of the total delay in the system. This is reasonable because ATL, a hub for Delta airlines, is the largest and busiest airport in the nation and therefore any increase of operations will entail more minutes of delay. SFO also contributes a significant portion of total delay that can be attributed to the 17 percent of EDCTs it imposed on flights from other airports. The unpredictable and frequent foggy weather at SFO can be blamed for the high delay.
The 'in-strength' and 'out-strength' of the Core airports were used to determine which were more likely to inject, absorb or propagate delay. Figure 9 reports the New York and Chicago areas are among the leading generators of delay. However, it is worth noting that SFO and ATL are also large generators of delay and are the primary airports in their respective regions of the country. The airports that absorb the most delay are SAN, TPA, and MIA which can be attributed to high capacity and good weather in July, so that available capacity consistently exceeds scheduled operations. Although the magnitude of absorption is not as large as the magnitude of propagation in the chart, this does indicate that it is indeed possible for airports to attenuate delay.
VI. Conclusions
Together, the three New York area airports are among the busiest and most congested of all the Core airports. This study demonstrates that New York's delay contribution to the NAS is multifaceted. A count of delay events indicates 33 percent of delay is attributed to New York while the proposed accounting method assigns a total of 16 percent delay. Although New York does account for the largest contribution to delay among the Core airports, it is not solely responsible for the propagation and generation of delay throughout the NAS. In this study, we show that airports in the Chicago area and Washington area also contribute significantly to the amount of delay in the system. Furthermore, the New York area is comprised of three airports while airports such as SFO and ATL, which also inject large amounts of delay into the system, are individual airports. Albeit, the method for computing injected and propagated delay presents a conservative baseline since we are unable to track inter-dependent relationships between tail numbers, the estimation is a good representation of the amount of delay propagated between airports. Furthermore, combining the accounting method with a graph theory analysis presents a novel approach to elucidating delay characteristics of the Core airports. Future work will entail the use of other graph measures that will include centrality and clustering coefficient in order to reveal further underlying characteristics of the network.
